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Composition of Exhaust from a Regenerative Turbine System
Particulate and hydrocarbon content of gases in a regenerative gas turbine was analyzed at several points. Particle samples were measured with a condensation nuclei counter, a light scattering single particle counter and an impactor. Hydrocarbon analyses were made using gas chromatography. The effects of operation with JP-4 and No. 2 fuel oil were noted. It was concluded that a regenerative gas turbine will not add appreciably to the burden of air pollution. In fact, particulate contamination levels in the exhaust less than those in the inlet air indicates that the high rotation rate may result in some air cleaning. Low hydrocarbon contents in the exhaust gas were ascribed to efficient combustion under the operating conditions used in this work. In general, it was concluded that hydrocarbon levels significantly lower than those seen from gasoline or diesel engines could be expected from a well maintained and operated regenerative gas turbine.
M,luch work has been done to characterize the exhaust from gasoline and diesel engines. Data obtained by various researchers indicate that appreciable quantities of hydrocarbons, carbon monoxide, and unburned gasoline are present in the exhaust from gasoline engines. For example, in the exhaust from a gasoline engine under idling conditions, Swartz, et al. 1 measured up to 1.4 percent carbon monoxide and 4000 parts per million (ppm) hydrocarbons.
The exhaust of diesel-, gasoline-, and propane-fueled engines under cruising conditions were studied by Elliott, et al. 2 They found essentially no carbon monoxide in diesel exhaust, 2.5 volume percent in gasoline exhaust, and 1.8% in propane exhaust. Oxides of nitrogen were present at concentrations of 200 ppm in diesel exhaust, 600 ppm in gasoline exhaust, and 2100 ppm in propane exhaust. Approximately 0.04 pound of hydrocarbon gases per thousand feet 3 was found in all exhausts, although the hydrocarbon content of the gasoline exhaust was slightly higher.
However, little has been done to characterize the exhaust from regenerative turbine engines. Since the use of these engines as power sources for industrial and pleasure vehicles will probably increase, their possible contribution to the air pollution problem is of concern. Thus the objective of Mr. Lieberman is manager of Fine Particles Research, IIT Research Institute Technology Center, Chicago, 111. 60616.
this study was the quantitative characterization of the exhaust from a regenerative turbine engine.
Equipment
Turbine Engine
The turbine engine used for these studies was the GMT-305, a regenerative cycle, free power turbine unit in the 200 pound horsepower (hp) class (Fig.  1) . The first stage, or gasifier turbine, turns the radial flow compressor at a maximum speed of 33 000 revolutions per minute (rpm). The second stage, or power turbine, which is immediately behind the gasifier turbine on a common horizontal axis, drives the output shaft through a single-stage helical reduction Fig. 1 . The GMT-305 gas turbine engine Two drum-shaped regenerators are located on either side of the turbine shaft, just behind the compressor casing. A bulkhead extends from the top to the bottom of the casing and, combined with the sidecovers, forms a highpressure plenum chamber. The casings to the rear of the bulkhead form a lowpressure exhaust plenum. Each regenerator drum passes through the bulkhead so that about one-third of its circumference is in the high-pressure plenum and the remainder is in the exhaust plenum. The turbines are located in the passage between the plenums.
Compressed air from the compressor passes through the high-pressure plenum and is then heated as it passes radially inward through the front segments of the regenerator drums. The heated air then flows through the combustors, where fuel is added and burned to provide heat energy for power. The hot high-pressure gas expands through the turbines and is discharged in the exhaust plenum. The gas is cooled as it passes radially outward through the rear segment of the regenerator drums, which are rotated at a maximum of 30 rpm. Thus heat is recovered from the exhaust gas and transferred to the compressed air passing through the drums in the high-pressure plenum.
For these experiments the turbine engine was installed in a test cell. The air supply system included a plenum chamber with an inlet filter and an airflow-measuring nozzle mounted on the turbine compressor inlet shroud. The exhaust system consisted of a duel manifold mounted on the dual exhaust opening of the turbine. The manifold converged into a 14-inch circular duct, which exhausted into the atmosphere. An annular slot between the manifold and the duct opened to the test cell atmosphere, which could be aspirated into the exhaust duct, thus aiding ventilation of the test cell. The exhaust duct was kept far from the air inlet to prevent recirculation. During the test cycle interference with the normal operation of the turbine was minimized; i.e., only small gas samples were taken at rates too small to affect the normal power or temperature in the turbine.
Particle Samplers
The IIT Research Institute (IITRI) particle counter, 3 a light-scattering single-particle counter, was used to classify particles into six size ranges from 0.35 to 2.8 microns in diameter.
A General Electric Type CN smallparticle detector was used to detect particles too small to be detected by the IITRI particle counter. This device aspirates a gas sample into a humid chamber, and when equilibrium is reached, the humidified gas sample is expanded adiabatically. Any particles or gases capable of nucleating the resultant supersaturated mixture will produce water droplets in a concentration equal to that of the original nuclei. The concentration of the water droplets is determined by measuring the light obscuration over a fixed path. Concentrations up to 10 7 /cc can be measured with this device.
Since very high particle concentrations were present under some operating conditions of the turbine, a static dilution system was utilized.. A sample of gas was withdrawn by using a syringe and then injecting it into a larger flask that had been flushed with ambient air. After mixing, the diluted sample was then fed to the nuclei counter.
The possibility of coalescence in high-particle concentrations was minimized by keeping the syringe storage time below 10 seconds. After dilution (usually to less than 10 6 /cc), coalescence and wall deposition losses were less than the error usually associated with the nuclei counter. Dilution with ambient air caused no problem since the ambient air nuclei concentration (usually about 10 4 /cc) had been previously measured.
A thermal precipitator and a moving stage dry impactor were used to obtain samples of particles for visual examina 
Experimental Work
Sampling Positions
Samples were taken at several locations in the turbine: (1) filter outlet (compressor inlet), (2) combustor inlet, (3) combustor outlet, (4) power turbine outlet, (5) regenerator A (turbine exhaust, closest to the exhaust stack), and (6) regenerator B (turbine exhaust). In most runs, samples were taken from the right side, except when comparisons between the right side and the left side were desired. Figure 2 shows the gas flow through the turbine and the sampling points.
Previous work had shown that the particle content of urban air can varywidely from minute to minute in continuous samples taken at a point where normal atmospheric turbulence can exist. Therefore, the IITRI particle counter was used to monitor variations in the particle content of the compressor inlet air at two-minute intervals. Typical concentration and size distribution data obtained are shown in Table I .
The data show that the number concentration of particles varied by a factor of 1.5 under normal conditions. When abnormal activity was present in the space near the filter inlet, even greater variations were observed. Thus all measurements at any turbine sampling point were made immediately after the inlet air (filter outlet) sampling point had been measured, so that the particle content of the gas sampled from the turbine could be compared with that of the inlet air that had been measured only a few moments earlier.
As a further precaution against atypical concentration measurements, data were collected from all sampling points as rapidly as possible, and the inlet air was sampled between each turbine sample. In this way, when anomalous variations in inlet air dust levels were present (usually lasting only a few minutes), the turbine sampling routine could be interrupted if necessary. If normal variations (±30%) in inlet air dust levels were present, turbine sampling was continued.
Gas Sample Analysis
In addition to particle measurement, gas samples were collected by water displacement into 1-liter gas bottles. Analyses for carbon dioxide, oxygen, and carbon monoxide were performed on an Orsat apparatus, and unburned hydrocarbons were analyzed by using a gas chromatograph with a hydrogenflame detector. The gas samples were dried by passing them through a Drierite bed as they were displaced from the bottle to the chromatograph. Analyses were performed on 0.1 ml gas samples. A 5 ft column of 5% silicone grease on 40-to 60-mesh Celite was used so that little separation would occur and so that all of the hexane and lighter gases would appear as essentially one peak. The calibration sample was a No. 2 cylinder of 10 ppm hexane in nitrogen. This sample was run on the chromatograph before and after analyses were carried out.
Turbine Operation
The turbine was operated in the following manner. A series of baseline runs was made with JP-4 fuel in order to establish the normal operation of the engine and instrumentation and to obtain performance curves. Steadystate curves and data on engine acceleration and deceleration characteristics were established. The turbine was operated for 25 hours, and gasifier turbine speeds of 15 000, 18 000, 25 000, 30 000, 32 000 and 33 000 rpm were used.
Deposition tests were carried out with No. 2 fuel oil on a simulated duty cycle: 1 min at a gasifier speed of 15000 rpm; 0.5 min at a gasifier speed of 18 000 rpm; and 8.5 min at a gasifier speed of 32 000 rpm. This cycle was repeated over a day's run, which usually lasted 6 to 8 hours. A total of 125 hours of turbine operating time was accumulated during the deposition teats prior to the sampling program described here.
Results and Discussion
Particle Measurement
The variation of particulate matter (dust) levels in the inlet air from run to run was quite large. These variations were ascribed to changes in the condition of the filter, in the filtering efficiency of the filter as airflow changed, and in the amount of dust or other particles in the ambient air. Therefore the data obtained at the sampling position were normalized with respect to compressor inlet air particle levels. Compressor inlet particle levels are shown in Table I . Data obtained in particle measurements are summarized in Table II . These data are typical of the measurements obtained over the period of the study.
In examining the data, we attempted to correlate the effect of the speed of the power turbine and of the gasifier turbine on the particulate matter concentrations found in the system. The data show that variations in the speed of the gasifier turbine only were significant, since changes in the power turbine speed have no significant effect on the volume of air drawn into the turbine and on the fuel flow rate.
The particle concentrations observed with the particle counter represent extremely light dust loadings. For example, the largest volume of particles measured was with No. 2 fuel oil at a gasifier turbine speed of 31 000 rpm. The volume was 594 X 10 3 M 3 /ft 3 . If a density of 1.0 is assumed for the particles, an air loading of 9 X 10 ~6 grain/ft 3 results. The contribution of the condensation nuclei (approximately 10 7 /cc) in terms of grain loading, even assuming that all the nuclei are particles and that a mean diameter for the nuclei particle is 0.01 /x, brings the total grain loading to 1.1 X 10 ~5 grain/ft 3 . This value can be compared, for example, with McKee's 4 data, calculated to be 1.5 X 10~2* grains/ft 3 from a gasoline engine.
The variation of the data with time was greatest at the sampling points * 5% of hydrocarbon emission, using Elliott's data for hydrocarbon emissions. where the turbine's operating temperature was highest. Some of the variation was undoubtedly due to changes in the surface condition of the sampling tubes. Such changes were noted when the turbine was disassembled for repair. However, similar changes in the surface condition of the operating parts of the machine probably also contribute to progressive variation in particle data. Table III shows the nuclei concentration at the several sampling points as a function of turbine speed. The nuclei concentration increased with turbine speed at all sampling points. Note that nuclei measurements include not only small particles but any material capable of inducing condensation in supersaturated air.
Photomicrographs of samples obtained by impaction at the combustor outlet were also made. A magnification of 400 X was used to obtain these photographs. The type of large particles produced by JP-4 and No. 2 fuel oil is not essentially different, and no unburned or oily droplets were seen.
Comparison of photomicrographs of samples from the combustor outlet and the regenerator B sampling points showed that the regenerator B samples contained more irregular masses, which may be metal or metal oxide particles eroded from turbine surfaces. The collected particles were mainly discrete solid particles of up to a few To obtain a detailed view of the materials in the samples, electron micrographs were made of samples from the combustor outlet and the regenerator B sampling points with the gasifier turbine speed at 15 000 rpm. Figure 3 shows spherical combustion product particles in a fairly wide range up to 1 p. Figure  3 also shows that a number of liquid droplets with smaller particles entrapped were present. Figure 4 shows the same spherical particles, but there are additional irregular and larger particles present. These appear to have grown after collection, probably by vapor transfer from small droplets.
Gas Measurement
Hydrocarbon content was determined only at gasifier speeds of 30 000 rpm for both JP-4 and No. 2 fuel oil, while Orsat analyses were carried out over the range 18 000 to 30 000 rpm for No. 2 fuel oil only. The results are summarized in Tables IV and V. Smoking was light for both fuels. In most cases, the particle level in the exhaust duct stream was less than that in the compressor inlet gas.
2. Periodic breakaway or shedding of particles was noted during turbine acceleration at many of the sampling points.
3. For both fuels, the highest rate of particle generation occurred at the highest speed of the gasifier turbine.
4. Variations were noted from one side of the turbine to the other. Also, changes were noted in the gas temperature and combustion conditions in the dual combustion system. 5. Analysis of the gas samples indicated essentially complete combustion. No carbon monoxide was found. Less than 15 ppm hydrocarbon (as hexane) was found in the turbine even under acceleration for No. 2 fuel oil and less than that (by some 40%) for JP-4. Approximately 19% (mole) of oxygen was found in the exhaust gas. These low levels of additional products of combustion can be expected because of the high air-tofuel ratios used in the turbine operation.
6. The dust loading in the turbine exhaust was on the order of 10~5 grains/ft 3 , which is less than the dust loading in the compressor inlet (filter outlet) sample.
7. Examination of the electron micrographs of exhaust and of combustor outlet samples shows the presence of droplets of liquid materials, but these droplets had sufficient vapor pressure to evaporate the smallest particles from the deposited sample. Some of these droplets show the presence of interior nucleating particles. The liquid that formed around these nuclei is probably water. This conclusion is based on the low level of hydrocarbons found in the gas sample analysis.
Conclusion
Because of the combustion characteristics of the turbine system, when properly operated, it should not add appreciably to the burden of organic air pollutants in the atmosphere. The burner and turbine operate at high temperature with an excess of air. Complete combustion is normal for the turbine, whereas partial combustion is normal for the gasoline or diesel engine.
An insignificant level of hydrocarbon gases was found in the turbine exhaust for both JP-4 and No. 2 fuel oil. Particulate solid and liquid droplet emissions were low. In fact, dust loadings below that of the incoming air were the rule. This is ascribed to the high centrifugal forces applied to the airstreams in the machine. Although particulate debris that has been collected on the turbine interior will flake off as large agglomerates from time to time, this material will not remain suspended in the atmosphere for any appreciable time period. Thus this condition is not considered a significant air pollution hazard.
One area of possible air pollution concern was not considered in this study; it was beyond the scope of the original problem. It is the possibility of forming oxides of nitrogen in the high-temperature combustion.
